Purpose: In gynecologic cancers, magnetic resonance (MR) imaging is the modality of choice for visualizing tumors and their surroundings because of superior soft-tissue contrast. Real-time MR guidance of catheter placement in interstitial brachytherapy facilitates target coverage, and would be further improved by providing intraprocedural estimates of dosimetric coverage. A major obstacle to intraprocedural dosimetry is the time needed for catheter trajectory reconstruction. Herein the authors evaluate an active MR tracking (MRTR) system which provides rapid catheter tip localization and trajectory reconstruction. The authors assess the reliability and spatial accuracy of the MRTR system in comparison to standard catheter digitization using magnetic resonance imaging (MRI) and CT. Methods: The MRTR system includes a stylet with microcoils mounted on its shaft, which can be inserted into brachytherapy catheters and tracked by a dedicated MRTR sequence. Catheter tip localization errors of the MRTR system and their dependence on catheter locations and orientation inside the MR scanner were quantified with a water phantom. The distances between the tracked tip positions of the MRTR stylet and the predefined ground-truth tip positions were calculated for measurements performed at seven locations and with nine orientations. To evaluate catheter trajectory reconstruction, fifteen brachytherapy catheters were placed into a gel phantom with an embedded catheter fixation framework, with parallel or crossed paths. The MRTR stylet was then inserted sequentially into each catheter. During the removal of the MRTR stylet from within each catheter, a MRTR measurement was performed at 40 Hz to acquire the instantaneous stylet tip position, resulting in a series of three-dimensional (3D) positions along the catheter's trajectory. A 3D polynomial curve was fit to the tracked positions for each catheter, and equally spaced dwell points were then generated along the curve. High-resolution 3D MRI of the phantom was performed followed by catheter digitization based on the catheter's imaging artifacts. The catheter trajectory error was characterized in terms of the mean distance between corresponding dwell points in MRTR-generated catheter trajectory and MRI-based catheter digitization. The MRTR-based catheter trajectory reconstruction process was also performed on three gynecologic cancer patients, and then compared with catheter digitization based on MRI and CT. trajectories were reconstructed by MRTR. Compared with MRI-based digitization, the mean 3D error of MRTR-generated trajectories was 1.5 ± 0.5 mm with an in-plane error of 0.7 ± 0.2 mm and a tip error of 1.7 ± 0.5 mm. MRTR resolved ambiguity in catheter assignment due to crossed catheter paths, which is a common problem in image-based catheter digitization. In the patient studies, the MRTR-generated catheter trajectory was consistent with digitization based on both MRI and CT. Conclusions: The MRTR system provides accurate catheter tip localization and trajectory reconstruction in the MR environment. Relative to the image-based methods, it improves the speed, safety, and reliability of the catheter trajectory reconstruction in interstitial brachytherapy. MRTR may enable in-procedural dosimetric evaluation of implant target coverage. C 2015 American Association of Physicists in Medicine.
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INTRODUCTION
Interstitial brachytherapy involves placement of radioactive sources directly into the tumor through multiple catheters, [1] [2] [3] [4] which can be used in the management of a variety of different cancers. In gynecologic brachytherapy, locally advanced cervical cancer is typically treated with intracavitary or interstitial applicators after external beam radiotherapy. Patients with large tumors, vaginal invasion, or adjacent organ (rectum/bladder) invasion often benefit from interstitial catheter placement to improve coverage of the tumor and allow dose escalation. The sharp gradients of radiation dose close to catheters require an appropriate distribution of catheters through the target to achieve an acceptable dosimetric outcome. Image guidance during catheter placement allows for the most precise catheter placement. Transabdominal ultrasound can be used for guiding interstitial catheter placement in gynecologic interstitial implants, 5 and MR guidance has been reported, 4, 6 but dosimetric guidance has not been reported.
A major impediment to fast intraprocedural dose calculation is the time needed for catheter trajectory reconstruction. Reconstruction of catheter trajectories after catheter placement determines the available locations for the radioactive sources. 7 Magnetic resonance imaging (MRI) is increasingly used for treatment planning due to the improved visualization of tumors and the surrounding critical organs. 8 International standards for contouring locally advanced cervical cancer rely on MRI.
9,10 However, MRI-based interstitial catheter digitization is challenging because interstitial catheters are identified via MR imaging artifacts (dark contrast) with the MRI sequences used for contouring (e.g., T2-weighted sequence). 11 Although CT or other MRI sequences can be used to aid the reconstruction, image-based catheter digitization suffers from low efficiency and is prone to human errors in catheter identification. [11] [12] [13] [14] [15] Recently, an active MR tracking (MRTR) system was developed by our group to provide accurate and rapid real-time localization of interstitial brachytherapy catheters. 16 It integrates multiple (≥2) receive microcoils into the metallic stylets that are used to advance the catheters into tissue. The microcoil positions are tracked with a dedicated MR sequence. The catheter trajectory can be reconstructed after catheter placement, by continuously tracking the tip position during stylet removal from within the catheter.
In this study, we investigated the performance of the active MRTR system for use in catheter trajectory reconstruction, as compared to standard image-based catheter digitization. The spatial accuracy and reliability in both catheter tip localization and catheter trajectory reconstruction were evaluated. The MRTR system was tested in two phantoms and in three gynecologic cancer patients.
MATERIALS AND METHODS

2.A. Active MRTR system
The active MRTR system is used inside a MR scanner and consists of active MRTR stylets and an 8-channel receiver interface which connects the stylets to the MR scanner's receiver. 16 Each active MRTR stylet consists of two radiofrequency (RF) microcoils attached to a custom-machined ProGuide metallic stylet (Elekta Brachytherapy, Stockholm, Sweden) [ Fig. 1(a) ]. The MRTR system can acquire the positions (x, y, and z coordinates) of up to eight microcoils simultaneously by utilizing a dedicated MR tracking sequence described in Ref. 13 (nominal resolution: up to 0.6 × 0.6 ×0.6 mm, update speed: up to 40 Hz). The tracking signals are processed in real time to calculate the instantaneous microcoil locations on the MR scanner's reconstruction computer and then output to an external computer for display. The location of the active stylet tip is acquired by extrapolating a known distance beyond the most distal microcoil along the calculated stylet orientation, which is computed based on the location of the two microcoils.
2.B. Catheter tip localization
To investigate the tip localization accuracy, we performed MRTR measurements with active MRTR stylets fixed at different locations and oriented in different directions inside the MR scanner. All the MR experiments in the paper were performed in a 3T MR system (VISIUS iMRI, IMRIS, Winnipeg, MB, Canada).
A cylindrical water phantom (diameter = 50.8 mm, length: 200 mm) was built with a 240-mm-long plastic ProGuide catheter fixed through its central axis [ Fig. 1(b) ]. The active stylet was fully inserted into the hollow catheter. We define the left-to-right, anterior-to-posterior, and the head-to-foot directions to be x-, y-, and z-axes, respectively, and the isocenter of the magnet to be the origin of the coordinate system. A 500 × 500 mm template block containing grids of embedded MR visible markers was placed on the patient bed within the MR scanner, serving as a coordinate map for the x-z plane. One of the markers on the template block was set to be at the isocenter of the MRI coordinate frame by using the laser system of the scanner and subsequently confirmed with a high-resolution 3D MR image of the marker.
The water phantom was placed on the template with the active MRTR stylet oriented parallel to main magnetic field B 0 (the z axis). While maintaining the same y-position ( y = 40 mm), the tip of the catheter was fixed at seven different locations in the x-z plane, (x = 0 mm, z = 0 mm), (x = 60 mm, z = 0 mm), (x = 120 mm, z = 0 mm), (x = 180 mm, z = 0 mm), (x = 0 mm, z = 60 mm), (x = 0 mm, z = 120 mm), and (x = 0 mm, z = 180 mm). The "ground truth" of each position was measured using a caliper and calculated relative to the isocenter. One hundred MRTR measurements were performed at each phantom location.
For the orientation performance, the phantom was secured at eleven orientations, with the catheter tip at the isocenter of the magnet and the catheter oriented parallel to the z axis, at 15
• , 30
• , 45
• , and 60
• from the z-axis in the x-z plane, and at 15
• , 60
• from the z-axis in the y-z plane, respectively. The ground truth for each orientation was measured using a protractor. One hundred MRTR measurements were performed at each orientation.
The catheter tip localization error was calculated as the 3D-distance between the tracked catheter tip positions and the ground-truth tip positions.
2.C. Catheter trajectory reconstruction
2.C.1. Phantom
An agar gel phantom was constructed in a plastic cubic container (150 × 150 × 150 mm) [ Fig. 1(c) ]. Two identical plastic templates, labeled the front and back templates with a grid of holes, were mounted at the two opposite sides of the container. A total of fifteen plastic ProGuide catheters were used. Thirteen catheters were inserted parallel to each other, passing through the corresponding holes in the two templates. The other two catheters were used to create a pair of crossing paths, implemented by inserting each catheter from one hole in the front template and exiting through the hole corresponding to the other catheter's insertion hole in the back template.
2.C.2. MRTR-based catheter trajectory reconstruction
Catheter trajectory reconstruction experiments were performed during removal of the active stylet from within each catheter. Prior to removal, a short period of static tracking was performed to guarantee precise acquisition of the tip location. A series of (∼120-160) points along each catheter's trajectory was acquired in ∼3-4 s by continuously tracking the stylet's tip position during its removal.
A  (Mathworks, Natick, MA) program was written to fit a 3D parametric polynomial curve to the series of positional data for each catheter. The general form of the polynomial to which least squares regression was performed was
Thereafter, a series of dwell positions MRTR ij (i = 1, 2,...,15 designates different catheters, and j = 1,2,...,N MRTRi designates different dwell positions, where N MRTRi is the total number of dwell positions along the ith catheter) was calculated at a step size of 2.5-mm distances from the tip position along the fitted 3D catheter curve.
2.C.3. MRI-based catheter digitization
The high-resolution MR images of the phantom were obtained immediately after the tracking experiment using a 3D inversion-recovery gradient-echo (MP-RAGE) sequence (TR/TE/TI = 1200 ms/1.55 ms/900 ms; flip angle α = 75
• ; 5-mm slice, matrix = 312 × 384; FOV = 162 × 199 mm 2 ). The MR image was then imported into a brachytherapy treatment planning system (TPS) (Oncentra, Elekta Brachytherapy, Stockholm, Sweden). Each catheter trajectory was digitized by an experienced brachytherapy physicist, based on the catheter susceptibility artifacts observed on the MR images. The dwell positions TPS ij (i = 1,2,...,15 designates catheters, j = 1,2,...,N TPSi , where N TPSi is the total number of dwell positions along the ith catheter) were calculated with a step size of 2.5 mm from the identified tip position by the planning system.
2.C.4. Comparison of the MRTR-generated trajectories to the MRI-based digitization
MRTR-generated trajectories were compared to those digitized manually on the TPS from the MR images. For each catheter i, the catheter error was defined as the distance between the corresponding dwell positions of the MRTRgenerated trajectory and the MRI-based digitization,
where N DW i is the minimum of N MRTRi and N TPSi for the ith catheter (i = 1,2,...,15 catheters). For the ith catheter, the dwell positions TPS ij ( j = 1, 2,...,N TPSi ) were first spline interpolated and the in-plane offset error of each dwell position MRTR ij was then calculated as the shortest distance d ij from the position MRTR ij to the spline created by TPS ij . The in-plane offset error for the ith catheter was defined as
The tip error for each catheter was calculated as the distance between the tip dwell position measured from the MRTR reconstructed trajectory and measured from MRI digitization.
2.D. Patient study
Catheter placement was performed on three gynecologic cancer patients in the MR scanner on an IRB-approved prospective trial. One patient had recurrent uterine adenocarcinoma and two had cervical cancer (stage IIIB). In each case, 3D T2-weighted images were acquired using a turbo spin echo (TSE) sequence (TR/TE = 3000 ms/104 ms; α = 120
• ; 3-mm slice; matrix = 205 × 320; FOV = 224 × 280 mm 2 , echo train length = 27). A set of ProGuide interstitial catheters, containing conventional (nonactive tracked) stylets, were inserted through a Syed-Neblett template into the tumor under MRI guidance. In two patients, two conventional stylets were then replaced with the active stylet, and in one patient, four conventional stylets were replaced. After replacement, MRTR was performed continuously during the withdrawal of the active stylet from within the catheter. A smooth parametric cubic curve was then fit to each series of 3D positional data as described in Sec. 2.C.2, prior to data transfer to the TPS system. After completion of catheter placement in the MRI suite, the patients were transferred to the CT suite for brachytherapy treatment. A CT scan of the patients was acquired (pixel size = 0.6 × 0.6 mm, slice thickness = 1.25 mm) with copper markers inserted in the catheter to enhance their visibility. The CT images were registered to the MR images using a rigid registration algorithm based on catheter positions. CT images were reformatted based on this registration so that the DICOM coordinates of the MR images were used. Catheter digitization was performed on the Oncentra Brachy treatment planning system as described in Sec. 2.C.3 on axial slices of CT and MR images and verified on both sagittal and coronal slices. Note that the CT digitization was based on the copper marker which started 4mm from the catheter tip due to the specifics of the afterloading device and clinical practice. This offset was taken into account in the comparison between MR and CT.
RESULTS
3.A. Catheter tip localization
Figures 2(a) and 2(b) shows the dependence of the mean catheter tip localization errors on the MRTR stylet positions relative to the isocenter of the magnet. The mean MRTR error increased as the MRTR stylet moved further off-center along the x-axis and along the z-axis. Nevertheless, within an offcenter distance of 60 mm, which permitted a 120-mm tracking range along each dimension, the tracking error was less than 0.5 mm.
The mean MRTR error also increased as a function of the angle between the orientation of the stylet and the main magnetic field (B 0 
) direction [Figs. 2(c) and 2(d)]. At angles of up to 60
• from the z axis, the errors were all within the resolution limit (0.6 mm). Note that this range of angles is greater than the stylet angulations usually achieved in actual clinical cases.
3.B. Catheter trajectory reconstruction
The fifteen catheters' trajectories were successfully reconstructed by active MRTR (Fig. 3) . The mean time used to acquire each catheter trajectory was 3.7 ± 0.8 s. The mean 3D catheter error in the fifteen reconstructed trajectories was 1.5 ± 0.5 mm (d x = 0.3 ± 0.1 mm; d y = 0.3 ± 0.1 mm; d z = 1.3 ± 0.1 mm). Results per catheter are summarized in Table I . The mean in-plane error was 0.7 ± 0.2 mm and the mean tip error was 1.7 ± 0.5 mm (Fig. 4) . (a) off-center distance along x-axis, (b) off-center distance along z-axis, (c) angle from the z-axis in the x-z plane, and (d) angle from the z-axis in the y-z plane. Two-side error bar represents the standard deviation of the distance error from 100 measurements at each location or orientation.
F. 2. Mean catheter tip localization error as function of
3.C. Patient study
The catheter trajectories were reconstructed from active MRTR performed in the patients. The acquisition time was ∼10 s per catheter, allowing ∼400 stylet tip positions to be recorded along each catheter trajectory during the stylet removal. The MRTR generated trajectories were compared with those generated on TPS from MR images and CT images, respectively. Trajectories acquired by different methods were highly consistent, as shown in Fig. 5 and Table II.
DISCUSSION
We evaluated an active MRTR system for brachytherapy catheter localization and trajectory reconstruction in a MR scanner. While there have been reports of use of electromagnetic tracking devices in interstitial brachytherapy, 17, 18 this is the first active catheter localization system that is compatible with the MR environment and works in the MR imaging coordinate system without the need for additional registration of the tracking frame of reference to the imaging coordinate system. GEC-ESTRO guidelines recommend the use of MRI for target and OAR delineation in gynecologic brachytherapy and state that applicator reconstruction is preferably performed in the same image series used for contouring in order to avoid registration uncertainties and patient/organ movement between different image acquisitions. 9, 11, 19 However, in MRIbased reconstruction, using conventional clinical MR sequences, the catheter/stylet and metal applicator can only be visualized by susceptibility artifacts. The size and shape of the artifacts are not real representations of the catheter/stylet and applicator, and greatly depend on the MR sequence parameters. 11 This makes MRI-based manual reconstruction prone to systematic errors and random errors. 12, 20, 21 Specifically, in interstitial brachytherapy, the catheter/stylet tip is difficult to identify, which introduces interobserver uncertainty into MRIbased manual catheter identification. 12, 22 In contrast, with our MRTR technique, the microcoils are able to receive a strong and unambiguous MR signal which permits a robust localization of the catheter/stylet. Moreover, our MRTR sequence has a built-in mechanism to correct for the static magnetic field B 0 and radio-frequency magnetic field B 1 inhomogeneities. 16 Hence, this technique is relatively insensitive to systematic error or patient-related errors. In template-based interstitial brachytherapy where placement of a large amount of catheters is required, MRTR can be especially useful in resolving catheters in the setting of ambiguous imaging artifacts, such as when catheters approach or cross each other, because each catheter is individually connected to an independent receiver channel.
Compared with image-based reconstruction methods, MRTR greatly reduces the reconstruction time of catheter trajectories in interstitial brachytherapy. Rather than requiring F. 3. Fifteen catheter trajectories were acquired by continuously capturing the instantaneous stylet tip positions during active stylet pull-out. The inset figure shows an axial view of the phantom as seen in the brachytherapy treatment planning system with catheter numbering scheme overlaid. Nine catheters (#7-#15) were inserted in a 3 × 3 grid with a 4 mm spacing at the center, four catheters (#1-#4) close to the four corners of the phantom (with 10-, 15-, 20-, and 25-mm distance to the center, respectively), and a pair of catheters (#5 and #6) with crossed trajectories at approximately 10 mm from the center of template. In all cases, the active tracking system generated stable tracking signal profiles and all the catheter trajectories were resolved without ambiguity.
replacement of the conventional stylets with a tracking device once catheter placement is completed, the MRTR device is implemented in the form of a metallic stylet, which also can be used to drive the catheter into the tissue during insertion. This enables real-time tracking during catheter placement, with high spatial accuracy, as demonstrated in this study, as well as rapid catheter trajectory reconstruction after placement. The fast catheter trajectory reconstruction provided by the MRTR system is well suited for periodic performance of adaptive treatment planning during catheter placement. Future work will focus on using MRTR to provide intraoperative dosimetric feedback of catheter placement to physicians, allowing them to detect tumor regions with dose deficiencies, so that subsequently existing catheter location can be changed and/or additional catheters added as needed. This may result in better dose distribution to the tumor and neighboring OARs, which might reduce tumor recurrence as well as toxicity. These potential therapeutic benefits will require longitudinal evaluation.
In this paper, we studied the effects of MRTR stylet location and orientation on the tip localization accuracy T I. Catheter errors of the MRTR-generated trajectories along each spatial dimension and in 3D. Data are presented as mean ± standard deviation (SD).
Catheter number
of the MRTR system. The major factor affecting MRTR accuracy is the inhomogeneity of the mean magnetic field (B 0 ) and the nonlinearity of the gradient field, because MRTR inherently depends on the linear relationship between local magnetic field strength and the location inside the magnet. For current MRI scanners, the MR-system-related contributing factor is mainly the gradient nonlinearity, since the systematic B 0 inhomogeneity is negligible with proper shimming and the multiplexing acquisition scheme implemented in the MRTR sequence. 23 For our application, there is substantial B 0 inhomogeneity in the close proximity of microcoils due to the susceptibility differences between the metallic stylet and surrounding tissue. In the evaluation of our MRTR system performance at different locations inside the MR scanner, tracking accuracy decreased as a function of the off-center distance. This is likely due to the MR gradient nonlinearity which increases significantly in areas farther from the magnet isocenter. 24 Correction methods may be applied in the future if higher precision is required. With regard to orientation dependence of the system, it has been demonstrated that as the orientation of the metallic stylet deviates more from the B 0 F. 4. Left: average tip errors for the catheter trajectory reconstruction of the fifteen catheters. Right: average in-plane errors for the catheter trajectory reconstruction of the fifteen catheters. |d x |, |d y |, and |d z | are one-dimensional errors along the x, y, and z axes, respectively. d 3D is the 3D distance error and d 2D is the in-plane distance error. direction, the disturbed region expands, 25 which may explain the decreased accuracy observed with greater angulation from the B 0 direction.
As we quantified the MRTR error by comparing it to MRI-based catheter digitization, the reported error in catheter trajectory reconstruction was a combination of the intrinsic active MRTR error, as described in the previous paragraph, and the MRI-based digitization error. In MRI-based catheter digitization, the imaging artifact size is larger than the physical size of the catheter, and the apparent catheter center is shifted from the real center. 25 Although special MRI sequences have been developed to correct for these errors, 26 we used MR images generated by standard clinical imaging protocols. As compared with digitization based on these MR images, we found the MRTR-generated trajectory had an average 3D error of 1.5 mm, which was mainly a result of error along the z axis. Similar results were obtained when investigating the tip error. The larger z-axis errors were partially due to the fact that imaging slice thickness limits digitization accuracy along T II. Comparison between MRTR-generated catheter trajectories and the image-based digitization (CT and MRI). Equally spaced dwell positions were generated along each trajectory by interpolation, and the corresponding dwell points from the different methods were compared. d x , d y , and d z represent differences along each axis. d 3D represents the 3D distance between corresponding dwell points. the direction perpendicular to the slice in the image-based methods.
CONCLUSION
The active MRTR system provides an independent measurement of catheter location in the MR environment and enables MR-based brachytherapy planning of interstitial implants without ionizing radiation. This offers the potential to eliminate the need for a generally time-consuming manual digitization process in the image-based method, or can provide an independent means to verify catheter digitization. The MRTR system is capable of generating catheter trajectories in a time frame that should enable intraprocedural dosimetric evaluation and adaptive planning of interstitial implants in MR guided brachytherapy.
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